Understanding the carbon dynamics of urban trees and forests is one of the key components for developing mitigation strategies for climate change in a fast-paced urbanized world. This study selected four plantation forests composed of poplar, black locust, Chinese pine and mixture of poplar and black locust, located in an urban forest park on a well-drained fluvial plain with same land-use history. The diurnal and seasonal changes in soil respiration (Rs) and biophysical factors were measured from April 2015 to March 2016. At the diurnal scale, Rs varied out of phase with soil temperature (Ts) and the time-lag occurred in May and July when Ts was relatively high and soil moisture (Ms) was low. Strong seasonal variations in Rs were mainly determined by Ts, while the growing-season mean Rs positively correlated with the fine root biomass (FRB), soil organic carbon content (SOC), and total nitrogen content (TN) for all the forests. FRB alone could explain 75% of the among-stand variability. This study concluded that urban forest plantations have similar soil respiration dynamics to forest ecosystems in non-urban settings.
Introduction
Urban trees and forests provide tremendous ecosystem services for people living in cities which are expanding significantly across the world in form of urban forest parks [1] . Well-managed urban forest parks not only have the entertainment value for the urban residents, but also have the ecological role in mitigating and adapting to climate change [2] [3] [4] [5] . As unique ecosystems seriously affected by human disturbance, the decomposition of organic carbon in the soil and sequestration of atmospheric carbon in urban forest parks are receiving widespread attention [3, 4] . Soil respiration (Rs) is the second largest terrestrial carbon flux in the global carbon cycle [6] , thus its small change could considerably affect the concentration of CO 2 in the atmosphere [7] . Rs vary greatly among ecosystems and are governed by different biotic and abiotic factors [8, 9] . A greater understanding of the changes in soil CO 2 efflux in the urban forest parks is needed to assess its role in regional and even global C cycle and other ecosystem services.
Rs from forest ecosystems is governed by multiple biotic and abiotic factors at different scales. Soil temperature (Ts) and soil moisture (Ms) are recognized as the main factors controlling the seasonal variations in Rs of regenerated forests [10, 11] . Different tree species exhibited a similar seasonal pattern Silt (%) 2 ± 1.3 3 ± 1.6 2 ± 0.3 3 ± 1.4
Clay (%) 6 ± 1. 
Measurement of Soil Respiration, Temperature, and Moisture
The study randomly selected four measurement plots (10 × 10 m quadrats) within each plantation forest and two subsamples (i.e. soil respiration collars) in each plot. All plots were set at least a minimum of 5 m apart to avoid edge effects and polyvinyl chloride (PVC) collars were installed approximately 0.5-0.6 m distance from the trunk. Rs was measured on clear days, biweekly during the growing season and monthly in the winter (defined as the continuous period that mean daily soil surface temperature <0.5 • C) between 09:00 a.m. and 11:00 a.m. from April 2015 to March 2016. Rs data were recorded using an automated soil CO 2 flux system (LI-8100, LI-COR, Lincoln, NE, USA) equipped with a portable chamber (Model 8100-103, LI-COR, Lincoln, NE, USA). The efflux rate during the measurement time was assumed to represent the daily average [27] . Additionally, diurnal Rs was measured at four-hour intervals beginning at 07:00 a.m. and ending at 07:00 a.m. the next day on 25 May, 16 June (Chinese pine plots not measured), 14 July, 9 August and 14 September 2015, respectively. One month before the measurements were conducted, at each plot, two PVC collars 20 cm in diameter and 11 cm in height were inserted into the soil to a depth about 4 cm. The litter layer depth was approximately 1 cm, and the PVC collar ensured the stability of the loose sand. There were not many roots in the loose sandy surface, therefore, the injury to topsoil roots during the mechanical insertion of the soil collar was assumed to have no significant influence on Rs [20, 23] . The PVC collars were not moved throughout the measurement period. The plants within the collars were regularly clipped to the ground level, and the large litter or branches inside the collars was removed before measurement. Ts at 10 cm depth and volumetric soil water content (Ms) at 5 cm depth were measured by the LI-8100 system along with each Rs measurement. The average of two or three successively measured values (3 min for each cycle) generated from each PVC collars was used for data analysis. In addition, Ts was measured continuously with thermistor probes (TCVA107, CSI) in each plantation during winter (December to February) as well, but Ms was not.
Root Biomass and Soil Analysis
In October 2015, a soil core sample was collected using a 5 cm diameter stainless steel core from the soil surface (A horizon) down to 30 cm from each plot. A total of four soil cores were collected in each plantation. The SOC content was determined by using the dichromate oxidation method, the TN content by micro-Kjeldahl digestion procedure [28] , and the soil pH by a glass electrode in a 1:5 soil solution ratio. A sequential soil coring method was used to investigate the fine root biomass (FRB). The authors considered the FRB in October and March as the biomass of fine roots in the growing season and non-growing season, respectively. A soil core (8 cm in diameter) was collected near the soil collar in each plot at 10 cm intervals to a depth of 30 cm in October 2015 and March 2016. Roots were washed in distilled water and then divided into fine (<2 mm diameter) and coarse components. The fine root samples were oven dried at 65 • C until constant weight.
Data Analyses and Estimation of Annual and Winter Rs
Rs data were fitted with Ts by an exponential regression function:
where Rs is the soil respiration, Ts the soil temperature at 10 cm, and a and b are the constant coefficients. The temperature sensitivity (Q 10 ) can be estimated from the following equation: (2) Two approaches were applied to estimate both annual and winter season soil CO 2 emissions for each plantation. They were estimated by interpolating the average Rs rate for each measurement day and the time between sampling dates for each month as follows (termed "Interpolated" later) [9, 29] :
where RS' is the amount of accumulation in the measurement season; Fm,k is the average of Rs over the interval (tk-1,tk) recorded; and ∆tk is the number of days between each measurement within the month. In addition, annual and winter Rs also were estimated by aggregating Rs in every day for the period from 1 April 2015 to 31 March 2016 using the exponential regression model described above (Equation (1)) between Rs and Ts (termed empirical modelled hereafter), where daily Ts is obtained by an average of 24 hourly continuous measurements with thermistor probes in each plantation. The regression analysis was used to examine the seasonal relationships between Rs and Ts and Ms. A combination of correlation analysis, linear regression and partial correlation analyses were used to evaluate the potential influencing factors (Ts, Ms, FRB, SOC, TN, pH) that drive the variation in Rs across stands. All analyses were performed using SPSS 20.0.
Results

Diurnal Variations
Diurnal variations in Rs show a similar pattern within the same month between four plantations (Figure 2a-d) but differed across different months within the same stand (Figure 2a1 -a5, b1-b5; c1-c5 and d1-d5). In 16 June, 9 August and 14 September, Rs reached its daily maximum during 15:00 p.m. or 11:00 a.m., daily minimum during 3:00 a.m. or 23:00 p.m., corresponding to the changes in Ts (Figure 2 ). In contrast, in 25 May and 14 July, Rs reached its daily minimum during midday (11:00 a.m.) then leveled off and peaked during early morning or dusk ( Figure 2 ). Rs was out of phase with Ts in all stands in 25 May and 14 July, when the Ms was relatively low (Figures 2 and 3) . Furthermore, each plantation exhibited a time lag trend between Rs and Ts in 25 May and 14 July (Figure 2 ). Diurnal Ts at 10 cm depth also shows a similar trend among four plantations ( Figure 2 ). The highest Ts occurred at approximately 15:00 pm or 11:00 am and the lowest at approximately 07:00 am or 03:00 am across the five measuring days, presenting a considerable diurnal variation ( Figure 2 ). The variation in Ms at 5 cm was either small or constant over a day among the patches ( Figure 3 ). In addition, there are large rainfall intervals or small rainfalls before the measuring day in May and July ( Figure A1 in Appendix A).
Seasonal Variations and Annual Soil Respiration Estimates
There was a strong seasonality in Rs (Figure 4a ). The highest Rs rate from four stands all occurred in August, while the lowest is in January for poplar plantation or February for the other three (black locust, mixed poplar and Chinese pine). The mean growing season Rs of poplar, black locust, Chinese pine, mixed forests were 3.6 ± 0.3, 3.0 ± 0.2, 1.8 ± 0.1, 3.2 ± 0.3 μmol m −2 s −1 (mean ± SD), respectively ( Figure 4 ). The mean winter Rs ranged from 0.7 to 0.9 μmol m −2 s −1 (Figure 4a ), which was 25%-46% of the annual Rs among the four stands. Annual total soil CO2 effluxes were 547-1051 (Interpolated) and 516.9-1041 (Empirically Modeled) g C m −2 year −1 , winter soil CO2 effluxes were 67.7-82.7 (Interpolated) and 58.8-73.1 (Empirically Modeled) g C m −2 , respectively among the stands (Table 2 ). 
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Ts peaked in mid-August, and the mean growing season Ts ranged from 17.3-18. 
The Effects of Biotic and Abiotic Factors on Soil Respiration
Although Rs was significantly correlated with Ts and Ms (p < 0.01), Ts alone could explain 78%-91% of the seasonal changes in Rs ( Figure 5 ). The sensitivity of Rs to Ts at a 10 cm depth (Q 10 ) was 1.7 ± 0.04, 2.0 ± 0.03, 2.1 ± 0.05, and 2.0 ± 0.05 for Chinese pine, poplar, black locust, and mixed stand, respectively. The averaged FRB of each stand in October was higher than that in March (p < 0.05). The lowest FRB was observed in the Chinese pine plantation. The average Rs during the growing season was significantly and positively correlated with the SOC content (R 2 = 0.61), TN content (R 2 = 0.66), and FRB (R 2 = 0.89) but not with the soil pH, mean Ts and Ms (Table 3) among the four stands. Rs was significantly correlated with FRB when other biotic and abiotic factors were excluded (Table 3) .
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Discussion
Diurnal Soil Respiration Variation in Relation to Soil Temperature and Soil Moisture
The diurnal response of Rs to Ts was regulated by soil moisture status, even though the diurnal variation in Ms compared with Ts had little or no variation in the measurement day than in five months (Figures 2 and 3) [10] . However, a significant difference (p < 0.05) was observed in Ms among the measurement days in the five months in each tree species (e.g., (9 August > 14 September > 16 June > 14 July > 25 May) (Figure 3) . The diurnal variation in Rs followed the Ts when the Ms was relatively high (Ms > 8.3%) in 16 June, 9 August and 14 September (Figure 2 ). Yet, diurnal Rs oscillated out of the phase with Ts when the Ms was low in 25 May and 14 July, with a time lag (Figures 2  and 3 ). This was consistent with some studies that have reported diurnal hysteresis between Rs and Ts in different ecosystems, even having similar tree species with our study [10, [14] [15] [16] . The relatively large measurement interval (total six measurements in 24 hours) in Rs may not well capture the hysteresis between Rs and Ts [30] . This study emphasized that when the Ms was limited, the time lag between Rs and Ts will be easier to observe. Wang et al. [17] also reported that the hysteresis between Rs and Ts was negatively affected by low soil moisture conditions. The hysteresis can be explained by two main processes, one is the physical process caused by the heat and CO 2 transport in soils, the other is the biological mechanism of carbon supply from photosynthate and changes in the relative contribution of autotrophic and heterotrophic respiration to total Rs [15, 18, 30] . For our sandy soils with high porosity (Table 1) , the effect of low Ms on gas diffusion may be small enough. We inferred that biological processes dominated the diurnal hysteresis in the urban forest park, like in a desert ecosystem with sandy soils [17] . There is hysteresis between canopy photosynthesis and Ts, and the range from hours to weeks. For prolonged drought, heterotrophic respiration suffer more suppressed and a higher contribution of autotrophic respiration (closely related with photosynthesis) to total Rs [30, 31] . The independence of Rs from Ts for low Ms was due to the dominant factor transition from temperature to photosynthesis [30, 32] . In addition, the Rs declined against the increasing Ts in midday and then plateaued in 25 May and 14 July (Figure 2 ). The plants' responses to low Ms by closing partially the leaf stomata, especially under conditions of high air temperature [17] , lead to the reduced photosynthesis and root activity and suppressed autotrophic respiration [33] .
The Seasonal Variations in Soil Respiration
Rs exhibited strong seasonal variation in the four plantations that is consistent with the previous studies conducted in non-urban settings for similar needle leaf and broadleaf deciduous tree species forests (Table 4) . Rs increased with the rising of Ts in spring, peaked in summer and declined in autumn. Rs peaking between July or August could be attributed to the relatively high Ms and Ts [23] ( Figure 4) . The measured values of Rs in the urban forest park were in a range comparable with those measured in other non-urban forests ( Figure 4 and Table 4 ). The mean Rs 2.0 (April to October) and 2.2 (May-Oct) µmol m −2 s −1 in the Chinese pine stand were lower than those reported by Ma et al. [34] and Wang et al. [35] , but similar to Zhao et al. [36] for the pine plantation in the North and Northeast of China. The higher stem density, age or the different soil properties of the forests may be the reason why they were different from our results. In addition, the mean Rs were 4.1 ± 0.3 (May-Sep) and 4.5 ± 0.2 (May-Oct) µmol m −2 s −1 in the black locust stand higher than those studies from non-urban forest ecosystems (Table 4 ). The averaged Rs of 4.9 (May-Sep) and 4.5 (May-Oct) µmol m −2 s −1 for poplar plantations were also a little higher than those studies with the similar tree species in different regions (Table 4 ). This may be attributed to, in our urban forest park, the relatively higher mean annual air temperature and lower stem density. Lower canopy coverage increases Ts [37] , and higher Ts could increase soil microbiota activities by effecting the affinity of the enzyme for substrates, and influences on root respiration, resulting in Rs increase [10] . In addition, the three broad-leaved forests are older than the forests in Table 4 . Bolstad et al. [38] reported as litter mass accumulates in older age, Rs increased from 24-27 years to 42-48 years old in aspen stands. 
Rs Variation Tend Reference
Pine (Larix principis-rupprechtii) [35] It was estimated by model that Rs rates were generally below 0.26 µmolm −2 s −1 during the winter with the mean air temperatures from −15 to −5 • C [43] . Due to frozen soil, the average winter Rs (December to February) among the four tree species was similar, ranging from 0.7 to 0.9 µmol m −2 s −1 (Figure 4 ). Winter respiration in the urban forest park in this study was higher than predicted by several other studies conducted in similar forest types located in the similar latitude [29, 44, 45] . The differences of winter soil CO 2 efflux among those different sites was mainly determined by the subsurface temperature [46] . The mean winter soil temperature ranging from −0.9 to −1.2 • C in our study was higher than −5.71 to −5.34 • C reported by [29] . The warmer soil was most likely conductive to microbial and root respiration even under frozen soil conditions.
The annual soil CO 2 efflux estimates by two methods in three broadleaf stands and one coniferous stand were within the range of value reported by previous studies for temperate deciduous forests (603-1258 g C m −2 year −1 ) and coniferous forests (425-970 g C m −2 year −1 ) [14, 34, 35, 47] . The estimates of annual soil CO 2 effluxes at the urban forest park were similar or higher than the values reported for similar tree species in the non-urban forests ( Table 4 ). The differences in annual emission among different forest ecosystems are driven by different biological and environmental factors. In addition, the contribution of winter Rs to annual soil CO 2 efflux in broadleaf (7.3%-8.7% by interpolated or 7.0-7.5 by Empirically Modeled) and coniferous forests (12.7% by interpolated or 11.4% by Empirically Modeled) fell within the reported values (4%-19%) in the non-urban forest ecosystems [9, 29, 48] .
Seasonal Response of Soil Respiration to Soil Temperature and Soil Moisture
Ts and Ms are two dominant factors controlling the Rs in forest ecosystems [22, 39, 49] , leading to significant seasonal variations (Figure 4) . The significant correlations between Rs and Ts, as well as Rs and Ms (p < 0.01), in this urban forest park is similar to those measured in other forest ecosystems [13, 35, 39] . Ts explained 91%, 89%, 78%, and 89% of the seasonal variation in Rs for the poplar, black locust, Chinese pine, and mixed patches, respectively ( Figure 5 ). The strong exponential relationship between Rs to Ts is supported by numerous studies in different non-urban forest ecosystems with forest types similar to this study [35, 41, 42] . Very dry soil conditions also significantly affected the Rs [50] . The low moisture content inhibits the Rs at least occasionally for many forest ecosystems [49, 51, 52] . The lower Ms measured in May (3.4% ± 0.4%) and July (4.9% ± 0.7%) corresponded to the sharp decrease in Rs (Figure 4a,c) . Low Ms limits microbial biomass and activity by restricting access to C substrates, reducing the diffusivity of dissolved materials [10] , and autotrophic respiration can be nearly zero when the Ms is extremely low for a period of time [39] .
The annual Q 10 of the four stands were 1.7 ± 0.04 (Chinese pine), 2.0 ± 0.03 (poplar), 2.1 ± 0.05 (black locust), and 2.0 ± 0.05 (the mixed). Temperature increases had less influence on soil respiration rates for Chinese pine stand than on the other three. In addition, the annual Q 10 were lower than those reported of natural or planted forests with higher average Ms in other regions [22, 47] (Table 4 ). Similar to this study, lower annual Q 10 of black locust forests with relatively lower Ms were also found at Mount Taihang and Loess Plateau in China [23, 39] . Lower Ms limited the diffusion of C substrates and root respiration, and masked the sensitivity of Rs to the variations of Ts [53] . Whether this can translate to the lower potential to release CO 2 with relatively low annual average Ms under warming climate remains to be explored.
Among-Stand Variations of the Soil Respiration
In the urban forest park in this study, the mean growth season Rs was significantly correlated with the SOC content, TN content, and FRB, while there were no significant correlations between the Rs and the soil pH, mean growing season Ts, and mean growing season Ms among-stands (Table 3) . Some studies across various forest ecosystems indicated that Rs is positively correlated with SOC content, TN content, and FRB [19, 20, 22] . Furthermore, the partial correlation analysis found that only FRB explained the mean Rs during the growing season among the biotic and abiotic factors in our study (Table 3) [3] . In addition, Wang et al. [49] observed that Rs was higher in forests with higher FRB in temperate zones. These consistent results indicated that plant Photosynth ate plays an important role in regulating Rs. Rs in summer was more strongly correlated with FRB than in winter (Figure 6 ), probably because the fine roots exhibited considerable phenological seasonality and trees become dormant during winter [39, 54] .
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Conclusions
Four widely distributed tree species in an urban forest park in northern China provided a unique opportunity for studying the vegetation and seasonal variations in Rs and its responses to biotic and abiotic factors. For all four forest plantations, the diurnal changes in Rs became decoupled from Ts when Ms was limited during the growing season. Strong seasonal variability of Rs for these urban forests was governed mainly by Ts and Ms, while the spatial variability of the Rs in the urban forest park was significantly correlated with FRB, SOC content and TN content. This study concluded that urban forest plantations have similar soil respiration dynamics with forest ecosystems in non-urban settings, and species selection is critical for urban forest establishment and management to cope with climate change.
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